The studies of soldered joints were carried out in systems: Al/solder/Al, Al/solder/Cu, Cu/solder/Cu, where the solder was (Al-Zn) EUT , (Al-Zn) EUT with 0.5, 1.0, and 1.5 at.% of Ag and (Al-Zn) EUT with 0.5, 1.0, and 1.5 at.% of Cu addition. Brazing was performed at 500°C for 3 min. The EDS analysis indicated that the composition of the layers starting from the Cu pad was CuZn, Cu5Zn8, and CuZn4, respectively. Wetting tests were performed at 500°C for 3, 8, 15, and 30 min, respectively. Thickness of the layers and their kinetics of growth were measured based on the SEM micrographs. The formation of interlayers was not observed from the side of Al pads. On the contrary, dissolution of the Al substrate and migration of Al-rich particles into the bulk of the solder were observed.
Introduction
Aluminium and its alloys are one of the main of constructional materials. The use of aluminum, particularly in the automotive industry, is growing rapidly (Ref 1, 2) . There is also increasing need for new methods of brazing of aluminum with other materials such as copper. Soldering aluminum with copper and its alloys is widely used in industrial refrigeration, airconditioning, and extensively applied in heat exchangers. In addition, because of increasing demand for high-temperature solders for brazing in electronics, automotive industry, the Al-Zn alloys with alloying additions seem interesting proposition (Ref 3) . For the development of new technologies and design of new materials, it is important to know the processes taking place at the interface of connected elements with solder (Ref 4) . Taking into account, the Directives of the European Parliament and the Council of Europe adopted in 2003 (Ref [5] [6] [7] [8] forbade to use solders containing metals which are hazardous to health-lead and cadmium. This forced manufacturers to use, and research institutes to search for, new ecological alloys. In the case of lowmelting solders, the studies are mainly focused on the eutectic Sn-Ag, SnAgCu, and SnZn with Ag, In, Bi, Al additions ( Ref 9, 10 ) and for solders with melting points above 350°C on eutectic ZnAl with Ag, Cu, In, Sn additions (Ref 11 -13) . In the literature, more attention is paid to analysis of the microstructure of solder joints and the influence of various alloying elements on the microstructure (Ref [11] [12] [13] [14] [15] . The studies usually concern the kinetics of IMCs growth on the substrate and the influence of IMCs on the properties and aging of the joints.
Some of the most frequently analyzed solders are these based on eutectic Zn-Al, as they are characterized by low cost, low electrical resistance, good mechanical properties (Ref 13) and twice as high hardness and thermal conductivity comparing to lead-based solders (Ref 15) . These properties allow to use the eutectic Al-Zn for brazing not only copper but also aluminum, nickel, or steel. What is especially interesting, the solder offers the possibility to solder two different metals-aluminum and copper. However, the presence of water or water vapor at the Cu-Al interface causes the formation of corrosion cells (Ref 16) . In addition, copper and aluminum show different electrical resistance and thermal expansion. Therefore, it is crucial to use proper coatings for brazing or use alloys which form buffer layers during the process of brazing of copper with aluminum. Considering the above, it seems interesting to analyze the processes at the substrate/solder/substrate interfaces. The literature describing the phenomena occurring at the interface of liquid solder (Al-Zn eutectic and Al-Zn eutectic + Cu)/Cu pad (Ref [11] [12] [13] or Al-Zn eutectic/Cu or Al substrate (Ref 17) indicates that the processes taking place at the interface between the liquid solder/Cu substrate correspond to rich in intermetallic phases Cu-Zn system. The authors stated the formation of the intermediate layers composed of three intermetallic phases: b-CuZn, e-CuZn 4 , and c-Cu 5 Zn 8 at the solder/Cu interface. It seems that the fast growth of phases can cause cracks in the joints and poor connection effect in the case of brazing copper with other metals. The authors (Ref 18) studied the kinetics of intermetallic phasesÕ formation at the interface of solder (AlZnAg)/substrate (Cu) after a short wetting time. They observed that even after 3 s of annealing, the formation of the three phases occurs. Moreover, they suggest that the addition of Ag to the alloy reduces the rate of the formation of brittle b and c phases.
This paper presents a description of the phenomena that occur at the interface Al/solder/Al, Al/solder/Cu, Cu/solder Cu and may be helpful in the design of abovementioned solder joints/systems.
Experimental
The alloys for tests were prepared by melting pure metals (Zn 99.95%, Al-99.99%, Ag-99.999%, Cu-99.99%) in graphite crucibles, in a glovebox filled with Ar (99.9992%) protective atmosphere (oxygen and water vapor pressure below 1 ppm) to avoid oxidation. The solder compositions are shown in Table 1 .
The solders after casting were rolled to a thickness of 0.25 mm. Brazing tests were carried out on copper (99.95%) and aluminum pads (99.9%). Copper pads were prepared in accordance with EN ISO 9455-10:2000, and aluminum pads after pre-treatment of oxides were degreased with acetone, and polishing was performed on ''Struers LectroPol 5.'' The pads were in a rectangular shape with dimensions of 25 9 10 9 4 mm. Brazing was performed in a furnace as described in Ref 17 under a protective atmosphere of nitrogen using ALU33 Ò flux. Wetting tests were performed at 500°C for 3, 8, 15, and 30 min, respectively. The process of brazing was held in the holder as shown in Fig. 1 with different clamping forces of the springs applied. The force was regulated with screws what allowed the authors to control the amount of solder reacting at the joint. After brazing tests, the solder connection was investigated of the microstructure. The microstructural and EDS analysis was performed with Quanta 3D FEG system, at 20 kV, with the use of the standardless Analysis EDAX System based on Genesis 4000 software, while phase composition was studied with x-ray diffraction (XRD). For all samples, three measurements were made at different areas to improve counting statistics and to check homogeneity of joints. First XRD measurement was performed in the center of joint, and on opposite edges, measurements were supposed to help to determine the best of characteristic of materials. In all figures and text, compositions are given in at.%.
Results and Discussion
The brazing was performed at 500°C for 3 min in the case of the Al pads and for 3, 8, 15, and 30 min in the case of the Cu pads. The example microstructures of the obtained joints are shown in Fig. 2, 3 , 4, 5, 6, and 7.
Al/solder/Al
The microstructures presented in Fig. 2 and 3 show the reaction occurring at the interface between the liquid solder and the Al pads, described in Ref 19, 20 . That is a cyclic mechanism of dissolution and crystallization. The liquid solder dissolves the Al pads, and the resulting alloy crystallizes forming so called ''scallops,'' separated from each other by channels with liquid solder. The liquid solder in the channels causes further dissolution, and the alloy formed in this way yields crystallization. Despite the fact that the Zn-Al eutectic alloy with 12 at.% of aluminum and small additions of silver or copper was used as the solder, the joint contains mainly aluminum from the dissolved Al pads, especially in the case when the joints were prepared with a strong force (Fig. 3) . Indirectly, this confirms the existence of the mechanism described in paper (Ref 20) . The authors (Ref 20) studying the processes occurring at the interface between the liquid aluminum and the nickel pad noticed that there are three zones: d x -dissolution zone, s r -saturation zone, and s s -supersaturation zone. In the first one, the liquid dissolves the pad, until the product of this reaction becomes a liquid having the N 0 composition. Then the liquid diffuses and crystallizes. This zone is difficult to find as it is very small and does not exists for a long time. On the microstructures shown in Fig. 2b and 3a , one can extract the two other zones-s r and s s which differ in the content of dissolved zinc. Silver and copper which are added to the solder concentrate on the edge of ''scallops,'' and they are dissolved in the Al40Zn60 phase. Subsequently, it can be assumed that they react with the liquid zinc resulting from the previous reaction and form small grains of intermetallic compounds (IMCs): Cu 5 Zn 8 . The stronger pressure caused the decrease of the solder amount in the joint and hence a much larger part of the solder reacted with the pads forming three times larger structures. Moreover, in some cases (Fig. 3a) , the formation of the delamination process was observed. The Zn12Al1.5Cu Zn5.3Al1.57Cu Fig. 1 The holder used for preparing solder joints reaction products of the two Al pads were separated by the unreacted eutectic solder. Figure 4 and 5 illustrate the microstructures of Al/solder/Cu joints prepared with the high-pressure (Fig. 4) and with the low-pressure (Fig. 5) springs. Similarly as before, the existence of s r and s s zones was noticed at the aluminum pad side. It can be presumed that the above-described mechanism of dissolution and crystallization occurs (Ref 20) . Cu and Ag additions cause the emergence of precipitates rich in Ag or Cu and the propagation of these elements to the eutectic. Moreover, the silver is dissolved in the Al 40 Zn 60 phase. Higher pressure slows the rate of the phasesÕ growth. This is probably related to the increase of aluminum concentration which dissolved from the pads to the solder. 
Al/solder/Cu
where d 1 , d 2 , d 3 are the thickness of the phases formed in one joint after a specific brazing time and N i Cu is the average copper content in the ''i'' phase.
The calculations were carried out for all the solders after each brazing time and for different contact forces. The results showed that the copper content ranged from 28% for solder with a high content of alloying elements and the shortest aluminum replaces zinc in the intermetallic phases, and the process is the easiest in the c phase. Silver is most easily dissolved in the e phase (Fig. 6) .
Occurrence of IMPs layers was improved by XRDs measurements presented in Fig. 9 The dependence of the change of thickness of the phase over time can be described by the following relationship:
where d is the average thickness of the reaction layer at time t, k is the growth rate constant, and n is the time exponent. Generally, the obtained value of n determines the types of layer growth at the interface and the possible reaction mechanisms. Takaku et al. (Ref 12) suggested that for reaction of Al-Zn and Al-Zn-1%Cu solders with Cu pads, the exponent n is 0.5, which means that growth of phase is controlled by the volume diffusion. Table 2 shows the values of the coefficient k calculated under the assumption that n = 0.5. These data relate to solders with different contents of Cu and Ag, and connections obtained by different degrees of pressure. These data indicate that the greatest rate of increase has phase c and the lowest b. Additives Cu to eutectic Al-Zn cause an increase in the rate of formation phase c and e, the greater share of Cu the faster growth of phases, while the Ag additives generally do not change the k value. The rate of formation of the phases is affected by different degrees of pressure; for the higher pressure, the growth of c phase will be faster.
The kinetics of intermetallic phases growth at the liquid solder eutectic ZnAl and ZnAl with 1% Cu-copper pad on Analyzing Fig. 10 , we can see that the value of the exponent of time n for the phases, e and b, oscillates around the value of 0.5, which suggests that the growth of these phases is controlled by the volume diffusion mechanism. However, the c phase values of n differ considerably from 0.5.
Considering the above, in Fig. 11 (a-c) and 12(a-c), dependence of thickness of the phases is shown as a function of time, with the calculated coefficients n and k. These coefficients were calculated using the program GRAPHER_6, using Eq 2. The results of calculations shown in Fig. 11 and 12 show that the exponent of time n for phase c in the solders of different contents of Ag and Cu ranges from 0.86 to 0.9. This suggests that the growth of c phase is controlled not only on the volume diffusion but also on diffusion of the grain boundaries. This may result from the fact that this phase has the lowest activation energy and the lowest GibbsÕ free energy (Ref 13, 17) . Figure 13 shows a comparison of the kinetics of the phasesÕ growth with high and low pressure applied. In the case of low pressure, there was a large amount of liquid solder to react. This resulted in a higher rate of e phase growth (Fig. 13a) and did not cause the inhomogeneity of Zn concentration (Fig. 7) . However, in the case of high-pressure application, the regions rich in zinc appeared, and the growth of the c phase was faster. This can be probably related to the fact that in this case, the diffusion processes were responsible for the growth of the phase. 
Conclusions
It was observed that during the wetting of the Cu and Al substrates with (Al-Zn) eut solder with Ag and Cu additions at T = 500°C, the cyclical process of dissolution and crystallization described in Ref 19, 20 occurs. The liquid solder dissolves the aluminum pad and causes the diffusion of aluminum to the solder. The grain structure is formed, and the particle size is dependent on the amount of the solder (the value of the applied pressure) and on the alloying additions. The higher pressure causes the coarsening of the grains. The additions of silver and copper to the solder concentrate on the edge of ''scallops,'' and then, they are dissolved in the Al 40 Zn 60 phase.
In the Cu/solder/Al joints, the additions of Cu and Ag cause the emergence of precipitates rich in Ag or Cu and also the diffusion of these elements to the eutectic. Furthermore, from the Al side, the Ag is dissolved in Al 40 Zn 60 phase. The higher pressure causes the decrease of the rate of the phasesÕ growth.
The liquid solder in the interaction with the Cu substrate forms a layer of three IMCs: b-CuZn, e-CuZn 4 , and c-Cu 5 Zn 8 .
These phases are formed as the result of dissolution and crystallization mechanisms and the phenomenon of diffusion. The Al from the solder diffuses to the c phase, substituting Zn, according to the phase diagram (Ref 21) . However, in the e phase, the Ag is dissolved. Furthermore, the addition of Cu to Fig. 11 The kinetics of growth of intermetallic phases at the interface solder (AlZn + Ag) and Cu pads at low-pressure the eutectic Zn-Al causes the inhibition of the brittle b phase growth. In the case of the application of low pressure, the rate of the e phase growth was higher. The c phase grew faster in the case of high pressure used.
Global demand for materials of specific properties is increasing, including braze materials. In the process of design and development of braze materials tests of wettability, microstructural and mechanical properties of joints are needed. Phenomena occurring of substrate-solder interface are also interesting. Because of e difference in thermal expansion, coefficient of Cu and Al braze needs to compensate it. The result of present paper is useful for design of brazed joints of the types: Cu/braze/Cu, Al/braze/Cu, and Al/ braze/Al.
The exponent of time n for the phases, e and b, oscillates around the value of 0.5, which suggests that the growth of these phases is controlled by the volume diffusion mechanism. For c phase, exponent of time n ranges from 0.86 to 0.9. This suggests that the growth of c phase is controlled not only by on the volume diffusion but also by on diffusion along the grain boundaries. Fig. 12 The kinetics of growth of intermetallic phases at the interface solder (AlZn + Cu) and Cu pads at low-pressure Fig. 13 The kinetics of growth of intermetallic phases at the interface between the liquid solder and the Cu substrate at low and high pressure
